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Abstract 
Mixed nitride uranium–plutonium fuel is the most attractive and advanced type of fuel for fast-neutron sodium-cooled reactors, and is 
considered as the base fuel for future commercial fast-neutron power reactors. However, a substantial increase in breeding achieved thanks to 
the use of this fuel instead of oxide fuel is not enough to meet new requirements the major of which, minimization of the burn-up reactivity 
margin, is defined by the reactor core breeding. This paper presents the results of computational studies aimed at choosing the best possible 
layout for the core of a large fast-neutron sodium-cooled reactor meeting modern requirements. 
Metallic fuel has been considered as the fuel for fast-neutron reactors since their early designs due to high density and heat conductivity 
and the smallest possible number of the diluent nuclei which provides for the highest possible breeding efficiency. The paper presents the 
features of the fuel under consideration and the results of computational studies into its application in large fast-neutron sodium-cooled 
reactors as compared to nitride fuel. A conclusion is made that, with the same design of the reactor core, metallic fuel is inferior to nitride 
fuel from the point of view of ensuring the safety of the reactor facility. 
Most of the calculations were performed in a diffusive approximation based on the TRIGEX software package. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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t  Introduction 
At the present time, mixed uranium–plutonium nitride fuel
is considered as the base type of fuel for future fast-neutron
commercial power reactors, specifically for the BREST-300
and BN-1200 reactors. Along with a high breeding ratio, this
fuel features increased density and heat conductivity, as well
as good compatibility with liquid-metal coolants and cladding
materials, especially in emergencies. 
In Russia, uranium nitride (UN) fuel was used only in the
core loads for the BR-10 experimental reactor [1] . Since 1970,
the BR-10 reactor has been used for irradiation of experi-
mental nitride-fuel assemblies manufactured using different∗ Corresponding author at: 1, Bondarenko Sq., Obninsk, Kaluga Region 
249033, Russia. 
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2452-3038/Copyright © 2016, National Research Nuclear University MEPhI (Mo
B.V. This is an open access article under the CC BY-NC-ND license ( http://creatiechnologies, with different porosity and two types of contact
nderlayers (sodium and helium). These studies formed the
asis for the development of two full reactor core loads with
ranium mononitride fuel assemblies ( ∼200 FAs), in which a
urnup of up to 8.7% h.a. was achieved. Later on, in 2000–
005, fuel elements with uranium-plutonium nitride fuel were
rradiated in the BOR-60 reactor as part of the BORA-BORA
xperiment conducted in collaboration with CEA, France, [2] .
he maximum burnup achieved in the BORA-BORA experi-
ent was 12.1% h.a. 
Metallic fuel has been considered as the fuel for fast re-
ctors since their early designs due to increased density and
hermal conductivity, and the largest possible number of the
iluent nuclei which provides for the highest possible breed-
ng ratio. This fuel was used in the first US sodium-cooled
ast-neutron reactor, Fermi [3] . A similar design, BN-50, was
eveloped in our country in 1965 but has never been imple-
ented. 
In the USA, this fuel was considered not from the point
f view of breeding, but due to cheap technologies of thescow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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Table 1 
Comparative characteristics of nitride-fuel core options with breeding or steel 
screens. 
Option Breeding Steel 
screens screens 
Side screen and bottom screen UN Steel 
Maximum fuel burn-up, % h.a. 11 .2 11 .4 
Reactivity change, % k / k −0 .43 −0 .68 
Sodium void reactivity effect, % k / k 0 .20 0 .35 
Maximum linear power, kW/m 47 .1 47 .9 
Maximum FA power as begin of cycle/end 
of cycle, MW 
8.7/8.75 8.54/8.56 
( В таблице 1 и ниже приводятся смысловые названия характеристик –
закрашено жёлтым , что является полезным для публикации ) 
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o  uel fabrication (casting) and reprocessing (electrochemistry) 
n a closed fuel cycle, along with its high (inherent) safety.
n economic analysis has actually shown that a reactor fuel
ycle with such fuel (as compared to ceramic fuel, its powder
abrication technology and water radiochemistry) turns out to
e seven times as cheap. 
One drawback of metallic fuel is intensive interaction of
uel elements with the steel cladding in high-temperature con-
itions. At a temperature of ∼560 °C, plutonium reacts with
he steel components (iron, nickel, chromium) to form a eu-
ectic liquid compound, which, if formed at the inner cladding
oundary, is capable to cause the fuel cladding to break down
ust in several hours. Addition of zirconium ( ∼10% wt) to
etallic fuel increases the eutectic formation temperature by
bout 80 °C, thus making the fuel elements serviceable under
he temperature conditions acceptable for the fuel column. For
his reason, a ternary alloy, U–Pu–Zr, was proposed for use in
ast-neutron reactors. However, the overall temperature level
n fast-neutron reactors with metallic fuel is still lower than
n reactors with ceramic fuel (by approximately 60–80 °C),
esulting in a lower thermodynamic efficiency. All this was
ound out during studies at the EBR-II reactor in the USA.
etallic fuel has a fairly low melting point, and is so effective
nly when used with a sodium contact underlayer. 
A positive feature of metallic fuels using electrochemistry
s that in the deposited at the cathode the uranium and plu-
onium content of the zirconium is stable and is ∼10%. 
A helium contact underlayer leads to a temperature growth
o beyond the melting point and requires the heat density
o be reduced considerably. Historically, uranium molybde-
um alloys (U + 7% Mo and U + 10% Mo) were used in early
ast-neutron reactor designs. They were employed in the ex-
erimental reactors DFR, Great Britain, and Enrico Fermi,
he USA. The EBR-II reactor used metallic fuel based on a
ernary alloy (U-Pu-Zr). In 1980s in the USA, the PRISM
ast reactor with metallic fuel based on a ternary alloy with
 relatively low electric power (400 MW) was designed. 
A more detailed comparison of uranium–plutonium mixed
itride fuel and metallic fuel from the point of view of “in-
erent safety” is presented in [4] . 
itride fuel 
Nitride fuel for fast power reactors is the next prospec-
ive fuel after oxide fuel. As compared to oxide fuel, nitride
uel provides for a higher breeding ratio, specifically in the
eactor core, while its high thermal conductivity ensures a
igher safety of the facility thanks to a greater temperature
argin to melting [5] . Thermal conductivity of nitride fuel is
bout seven times as high as that of oxide fuel [6] . Where
equired, this makes it possible to increase the linear power
p to ∼70 W/cm. Nitride fuel is a rigid fuel and has internal
orosity ( ∼15%) which is formed in the process of fabrica-
ion. The service life of such fuel depends on its swelling un-
er the reactor conditions, resulting in a loss of the cladding
ntegrity when the clearance between the fuel cladding and
he fuel column is taken up in the course of irradiation. There are no reasonably accurate and credible methods to
alculate the nitride fuel swelling as a function of various pa-
ameters, including the fabrication technology. However, such
rocedures and programs are developed by researchers based
n the existing experimental data by modeling major pro-
esses involved in the nitride fuel swelling during irradiation.
Nitride-fuel reactor core. Replacement of breeding screens
or steel screens. TRIGEX, a software package, was used for
eutronic calculations [7,8] . All calculations were performed
or the steady-state conditions of uniform off-line refueling
haracterized by an equal number of the core fuel assemblies
eing replaced in a single refueling process and by equal
efueling intervals. 
A model of a large fast-neutron sodium-cooled reactor with
itride fuel was described in detail in [9–11] . The considered
eactor core consisted of 432 fuel assemblies, each of which
ontained 271 fuel elements with a diameter of 9.3 ×0.6 mm.
he reactor core was surrounded by a bottom end screen
BES) and a side blanket region (SBR). A mixture of ura-
ium and plutonium mononitrides (U–Pu)N with a density
f 11.5 g/cm 3 was considered as the fuel for a large sodium-
ooled fast-neutron reactor, and depleted uranium mononitride
UN) was considered as the breeding material. 
The main idea behind the abandonment of breeding screens
onsists in avoiding the generation of low-background plu-
onium, that is, contributing to the proliferation resistance.
hysical characteristics of a uranium plutonium nitride fuel
ore with breeding and steel (side and bottom end) screens
re compared in Table 1. 
As can be seen from the presented data, the abandonment
f breeding screens leads to an increase in the fuel burnup
eactivity margin and in the sodium void reactivity effect
SVRE). Fig. 1 shows the reactivity change for a 330-day
eriod after the breeding screen replacement for steel screens.
Enlarged reactor core (468 FAs) with increased fuel frac-
ion and breeding screens. An increase in the fuel volume
raction leads to a reduction in the burn-up reactivity margin
ith no decrease in the SVRE value. To avoid the need for
hanging the reactor’s key design parameters relating to the
A flat-to-flat dimensions, an increase in the fuel element di-
meter should be accompanied by a reduction in the number
f the fuel elements in the FAs by one row. To compensate
310 V.I. Matveev et al. / Nuclear Energy and Technology 1 (2015) 308–312 
Fig. 1. Reactivity change during a cycle after the replacement of breeding 
screens with steel ones. The increase in the burn-up-dependent reactivity 
change for the steel screen option is 0.25% k / k . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2 
Characteristics versus fuel volume fraction. 
1 2 3 4 
Fuel volume fraction, ε 0 .471 0 .492 0 .497 0 .508 
Core breeding ratio as 
of cycle beginning/end 
Reactor subcriticality 
1.02/0.98 1.117/1.087 1.126/1.093 1.141/1.105 
Reactivity change for 
one interval, % k / k 
−0 .43 −0 .21 −0 .14 + 0 .10 
Maximum linear power, 
kW/m 
47 .9 53 .4 53 .5 53 .8 
Sodium void reactivity 
effect (cycle end), 
% k / k 
0 .20 0 .37 0 .36 0 .33 
Fig. 2. A change in the reactivity margin with the core fuel fraction variation 
relative to the initial option (initial ε=1). 
Table 3 
Characteristics versus core height. 
Core height, cm Initial 
Core breeding ratio, microlife beginning/end 1.126/1.093 1.094/1.067 
Reactivity change, % k / k −0.14 −0.40 
Sodium void reactivity effect (microlife end), 
% k / k 
0.36 0.13 
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c  for the increase in the heat density inside the fuel assemblies,
the reactor core needs to be enlarged by the addition of 36
fuel assemblies [12] . 
An increase in the fuel fraction and, accordingly, in the
core breeding ratio will allow: 
- strengthening the proliferation resistance through the re-
placement of breeding screens for steel screens; 
- ensuring such core breeding ratios that make it possible to
use a technology with no plutonium extraction in a closed
fuel cycle with chemical processed of spent fuel; 
- improving the inherent safety properties. The important
thing here is that the minimum (near-zero) fuel burn-up
reactivity margin is ensured during the cycle. 
The principal optimization calculations were aimed at
choosing the optimized fuel diameter. Options with various
fuel diameters in a range of 9.3–10.6 mm were considered.
Table 2 presents calculated characteristics for the nitride core
optimization in steady-state conditions during core refueling.
It is shown in Fig. 2 that an increase in the fuel diameter
(from the initial value to ε 3 ) leads to the reactivity margin
decreasing greatly or even becoming positive. 
However, there is a problem arising in connection with the
increase in the SVRE value. The permissible value is under-
stood to be a sodium void reactivity effect of ∼0.3% k / k ,
for which the reactor safety in beyond-design-basis accidents
has been pretty well studied and justified. This value can be
lowered through reducing the core height by about 4–5 cm.
The results of such investigation are presented in Table 3 withhe initial core height option compared against the core height
educed by 5 cm. 
By analyzing the table data, one may conclude that a re-
uction in the core height has an equally effective impact
oth on the SVRE and the burn-up-dependent reactivity vari-
tion. And a reactor core with a fuel fraction of ∼0.497 will
ave a near-zero reactivity change for a cycle, the value of
he sodium void reactivity effect being acceptable. 
From the comparison of the reactivity change and sodium
oid reactivity effect values for different core heights, one
an see that a reduction in the core height leads to a notable
V.I. Matveev et al. / Nuclear Energy and Technology 1 (2015) 308–312 311 
Table 4 
Major physical characteristics. 
Parameter Option 0 Option 1 Option 2 
Side screen and bottom screen UN Steel Steel 
Refueling interval, eff. days 
(refueling frequency) 
330 (4-5-6) 330 (4-5-6) 310 (3-4-5) 
Fuel burn-up −maximum (local), 
% h.a. 
9.85 9.97 7.59 
Fuel maximum linear power, kW/m 52.7 53.5 53.4 
Reactivity change, % k / k 0.11 0.14 0.12 
Sodium void reactivity effect as of 
cycle end, % k / k 
0.22 0.36 0.30 
Breeding ratio (BR) 1.41 1.13 1.15 
- including core breeding ratio (CBR) 1.08 1.13 1.15 
Designations: 
Option 0 – a core with breeding screens for estimation of BR max and other 
characteristics for the core with an increased fuel fraction; 
Option 1 – a core with steel screens and a fuel life of 4 ×330 days, which 
corresponds to a burnup of 9.97% h.a.; 
Option 2 – a core with steel screens, a life reduced to 3 ×310 days, and a 
burnup of 7.59% h.a. 
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Table 6 
Main parameters of reactor cores with nitride or metallic fuel. 
Fuel, underlayer type U–Pu–N U–Pu–N U–Pu–Zr 
(gas) (increased (liquid metal) 
fuel fraction) 
Core breeding ratio (CBR) 0 .99 1 .15 1 .046 
Reactivity change for microlife 
(330 eff. days), % k / k 
−0 .48 −0 .12 + 0 .75 
Maximum linear power of fuel 
element, kW/m 
46 .3 ∗ 53 .4 44 .5 
Maximum fuel burn-up, % h.a. 11 .0 7 .6 ∗∗∗ 10 .8 ∗∗
Sodium void reactivity effect, 
% k / k 
0 .23 0 .30 1 .8 
Total temperature and power 
reactivity effect, % k / k 
−1 .04 −1 .05 −0 .2 
Total coolant and fuel 
temperature reactivity coefficient 
(no radial component), % 
k / k ·×°C −1 
−1 .7 ·10 −5 – −0 .25 ·10 −5 
∗ Linear power values are close but are not equal, as an equal reactor 
power rather than the reactor core power is postulated; for this reason, there 
is a minor power redistribution between the core and the blanket regions for 
different options. 
∗∗ A four-time refueling was adopted for metal, as in the case of primary 
nitride. A single reactor core configuration with side and bottom end blanket 
regions and non-increased (initial) fuel volume fraction was considered in 
the calculations for all options. 
∗∗∗ For nitride with an increased fuel fraction, a reduced burnup was 
adopted through a decrease in the irradiation time to 310 eff. days. 
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d  ncrease in the burn-up-dependent reactivity change, and an
ncrease in the core height results in a higher sodium void
eactivity effect. 
Investigations on and characteristics of the optimized re-
ctor core. The considered optimized core version with the
espective computational justification involves the use of fuel
ssemblies with fuel elements of an increased diameter in the
hole of the core, and an increase in the total number of FAs
n the core. Accordingly, the number of fuel elements in an
ssembly is reduced so by one row. 
Table 4 presents calculation results for the major physical
haracteristics obtained from the comparison of reactor cores
ith breeding screens and steel screens, and with different
urnups. On the whole, these results demonstrate acceptable
haracteristics for the considered model with an increased fuel
raction. 
It should be noted that nitride fuel has a much better ther-
al conductivity than oxide fuel, which provides for a de-
rease in the temperature drop inside a fuel element by about
00 °C. As the oxide and nitride melting temperatures are
uch the same, the linear load on fuel elements with nitride
uel may be increased up to 60–70 kW/m. 
etallic fuel 
Physical calculations require the theoretical density of the
ernary alloy and the fuel element gap between the fuel
nd the cladding to be known. Recommendations in [9] pre-
ared based on analyzing the metallic fuel experiments in theTable 5 
Metallic fuel density. 
Property U U-5F
Theoretical density at room temperature, g/cm 3 19 18.2BR-II and FFTF experimental reactors in the USA [13] ,
ere used for the calculations ( Table 5 ). 
Based on these recommendations, a theoretical density of
5.9 g/ cm 3 was selected for the ternary alloy [13] . It may be
oted, that zirconium with a density of 6.5 g/cm 3 is the main
iluent in the ternary alloy. And the effective density of a
etallic pellet shall account for the gaps and the central hole
equired for the swelling compensation. It has been assumed
ased on experimental data that these voids should occupy no
ess than 25% of the total volume [13] . 
The major characteristics of large sodium-cooled fast-
eutron reactor cores with nitride or metallic fuel are com-
ared in Table 6. 
The configurations containing fuel elements with a gas un-
erlayer require a sodium space to be above the reactor core.
t plays a major role in safety analyses for severe accidents in-
olving coolant boiling. A potential onset of sodium boiling in
he sodium space leads to an increased neutron leakage from
he reactor core resulting in a negative reactivity effect and a
ecrease in the reactor power. For the nitride core option with
n increased fuel fraction, the core breeding ratio (CBR) in-
reases greatly to reach 1.15, and so, accordingly, the burnup-
ependent reactivity change decreases to 0.2% k / k , whichs U–10Zr U–8Pu–10Zr U–19Pu–10Zr 
 15.9 ( ±0.4%) 15.9 ( ±0.9%) 15.9 ( ±1%) 
312 V.I. Matveev et al. / Nuclear Energy and Technology 1 (2015) 308–312 
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 improves greatly the reactor safety during self-operation of
the burnup compensators in beyond-design-basis accidents. 
The sodium underlayer in metallic fuel elements requires
that gas collectors to be installed at the top, this making it
impossible to create a sodium space directly above the reactor
core. When metallic fuel is used, the core breeding ratio is
notably in excess of 1. The use of metallic fuel leads to a
reactivity growth throughout the microlife with the reactivity
value reaching + 0.75% k / k . This also increases greatly (to
∼1.8% k / k ) the sodium void reactivity effect. 
As shown by the reactor safety analysis calculations, the
SVRE is required to be limited to avoid an uncontrolled reac-
tor runaway in the event of ULOF-type accidents. Therefore,
an increase in the sodium void reactivity effect when metallic
fuel is used appears to be unacceptable in terms of safety,
although it should be noted that no complete computational
analysis of safety for a large reactor core with metallic fuel
has yet been performed. 
A note should be made of the temperature reactivity co-
efficient which is five times (in the absolute magnitude) as
low for metallic fuel as for oxide and nitride fuels. And if
the radial component is subtracted from the total temperature
coefficient value (as required by the latest available revision
of the Russian Nuclear Safety Regulations), we shall have a
near-zero value of ∼0.25 ·10 −5 k / k ·°C −1 . With allowance for
potential uncertainties, this coefficient is near-zero, and even
a small positive is possible. 
Conclusion 
Based on the analysis conducted, it has been concluded
that nitride fuel is the best possible choice, which makes it
possible to achieve fundamentally new properties of the re-
actor core with an increased fuel fraction (with CBR > 1),
and to reduce the reactivity margin to the minimum while
keeping all other effects and the reactivity coefficients in the
acceptable limits. A major reduction in the cost of fabricating metallic fuel
lements due to using a casting technology might be also the
eason for making choice of metallic fuel. However, it was
ue to better safety properties in general that nitride fuel has
een chosen. 
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